ABSTRACT
In recent years, the analytical determination of coenzyme Q10 (CoQ10) has gained importance in clinical diagnosis and in pharmaceutical quality control. CoQ10 is an important cofactor in the mitochondrial respiratory chain and a potent endogenous antioxidant. CoQ10 deficiency is often associated with numerous diseases and patients with these conditions may benefit from administration of supplements of CoQ10. In this regard, it has been observed that the best benefits are obtained when CoQ10 deficiency is diagnosed and treated early. Therefore, it is of great value to develop analytical methods for the detection and quantification of CoQ10 in this type of disease. The methods above mentioned should be simple enough to be used in routine clinical laboratories as well as in quality control of pharmaceutical formulations containing CoQ10. Here, we discuss the advantages and disadvantages of different methods of CoQ10 analysis.
INTRODUCTION
Coenzyme Q10 (ubiquinone, CoQ10) is a molecule composed of a 1,4-benzoquinone ring substituted with 3-methyl and 5,6-methoxy groups and a decaprenyl tail located at position 6 ( Figure 1 ) and it is classified as a fat-soluble quinone. It is integrated into the inner membrane of the mitochondria acting as an electron carrier from complex I (NADH ubiquinone reductase), complex II (succinate ubiquinone reductase) and flavoprotein oxidoreductase to complex III (ubiquinol: cytochrome c reductase) in the mitochondrial respiratory chain (1). CoQ10 is also considered as a potent endogenous lipophilic antioxidant that protects biological membranes and mitochondrial DNA from oxidative damage induced by free radicals as well as an effective inhibitor of lipoprotein peroxidation. Taking into account the important functions of CoQ10, decreased levels of this coenzyme affects brain, muscle and myocardial functions, primarily. However, the clinical importance of CoQ10 deficiency has only been recently considered. The causes of this deficiency have been classified as primary or secondary, the latter being much more frequent (2) . Low levels of CoQ10 have been reported in a number of disorders including phenylketonuria (3), asthma (4), migraine (5), Friedreich's ataxia (6), cystic fibrosis (7), congestive heart failure (8), preeclampsia 9), eosinophilia gastrointestinal disease (10) and male infertility (11, 12) .
Despite there is no wide consensus over the administration of CoQ10 in the treatment of mitochondrial disorders being accepted, clinical and biochemical improvements in the health of these patients have been observed. It is reasonable to hypothesize that if defects in energy metabolism and oxidative damage play a role in the pathogenesis of neurodegenerative diseases, a treatment with CoQ10 could exert beneficial therapeutic effects in cases of deficiency (13).
For these reasons, the detection and quantification of CoQ10 in different matrices such as plasma, muscle, platelets and fibroblasts are extremely important tools not only for diagnosis but also for its after treatment monitoring. Today, the detection and quantification of CoQ10 in the abovementioned matrices have been included in a routine analysis of clinical chemistry laboratories.
CoQ10 physicochemical features like high molecular weight, high hydrophobicity and easy oxidation reactivity along with its low concentrations in biological matrices, make it analytically challenging. Furthermore, taking into account that CoQ10 has a rather complex chemical structure, pharmaceutical formulations must be prepared with special care in order to obtain an acceptable product in terms of bioavailability and efficacy. Product quality and stability as well as potential interactions of drug and excipients that could affect the manufacturing process must be thoroughly studied. A suitable analytical method must be highly sensitive and specific in order to detect low concentrations of the coenzyme molecule in complex matrices surrounded by a universe of interferences. The analytical method must also be simple, fast, inexpensive and appropriate for routine practice. Sample preparation must guarantee sufficient chemical stability with minimum losses. Several analytical methodologies for the determination of CoQ10 in different matrices have been updated in the last years, and they will be discussed in this chapter.
ANALYTICAL PROCEDURES

Sample preparation for CoQ10 extraction
Firstly, sample preparation methods required tedious isolation and purification steps to remove interfering compounds. CoQ10 is a lipophilic molecule, insoluble in water but soluble in hydrocarbons, ethanol, 2-propanol or 1-propanol. Addition of sodium dodecylsulfate (SDS) and subsequent extraction with ethanol, 2-propanol and hexane (14), repeated extractions with ethanol-hexane (15) (16) (17) , methanol-hexane (18, 19) or 1 or 2-propanol-hexane (20) have been reported. It was observed that the extraction efficiency was improved by using 2-propanol or 1-propanol instead of ethanol.
Although liquid-liquid extractions have always been taken as reference methods, a list of drawbacks could be outlined in the implementation of these techniques: tedious sample preparation, excessive solvent consumption and a broad solvent front that could interfere with chromatographic peak detection. In addition, when samples are not completely clear other undesirable events could take place like frit clogging, and pre-and analytical columns reduced lifetime. Sometimes, sample injection automatization is not possible due to sample precipitation. At last, limits of detection and quantitation achieved under the abovementioned conditions are not desirable. The extraction of CoQ10 from plasma samples using different organic solvents was tested by Jiang et al (21) . They concluded that the use of methanol, acetonitrile and 10% trichloroacetic acid was not suitable because of the strong polarity of the mixture showing recoveries close to zero. On-and off-line solid phase extractions using silica or C18 cartridges have also been used instead of solvent exchange, clean up and concentration step (16, 22) . These methods remove interferences but the sample clean up requires protein precipitation steps and they are time consuming and expensive. Other methods used 1-propanol in a single step achieving high recovery in a direct injection (21, (23) (24) (25) (26) . However, the successful direct injection depends on the sensitivity of the detector used, so an evaporation step should be added if volume reduction is desired. In that case, the evaporation under a stream of nitrogen or argon is highly recommended. Low pressure evaporation procedures, rotator evaporation, should be restricted to large volumes in order to preserve analyte stability.
Measurement of CoQ10 in biological samples has been hampered by analyte instability during sample handling, storage and processing due to its redox behavior. This problem could be minimized by shortening the time between sample collection and storage to less than 30 min (17) . Otherwise, the sample could be supplemented with 1,4-benzoquinone solution to completely oxidize CoQ10 before protein extraction to ensure only one oxidation state (25) . Another similar strategy is to collect the sample in the presence of EDTA. Finally, if the simultaneous determination of both oxidized and reduced forms of CoQ10 is needed, heparin should be added to the sample (27) .
Another anticoagulant like sodium citrate could be used to analyze CoQ10 in plasma and platelets (28, 29) although CoQ10 measurements in serum samples have also been reported (30) .
Measurement of CoQ10 in tissues is well known. The hallmark in the diagnosis of CoQ10 deficiency syndrome is a decreased CoQ10 concentration in muscle and/or fibroblast. CoQ10 tissue measurement could follow the same two extraction steps using methanolhexane as it was previously described (31) . In spite of being more sensitive, these sampling techniques are not only highly invasive but also too much traumatic if periodic clinical monitoring is needed. Plasmatic and platelet CoQ10 measurements might provide a useful estimation of CoQ10 deficiency (32) . However, the relationship between plasma and tissue CoQ10 levels is not clearly comprehended and the way in which these samples are obtained is still invasive, especially for infants undergoing continuous monitoring of their treatment. In a recent work we demonstrated that the CoQ10 determination in buccal mucosa cells (BMC) is an alternative, non-invasive, and simple technique, with a significant correlation with CoQ10 plasma levels (33) . The proposed method, based on the use of 1-propanol precipitation and a standardized cell count, is amenable to be applied, especially in infants. Sampling can be easily performed by parents or by a non-trained person. It means a significant advantage and it contributes to ameliorate the discomfort that children suffer after several blood extractions. However, further studies are needed to assess whether this determination in BMC could replace the traditional diagnostic methodology.
Although nowadays the method of choice to pretreat plasma and BMC samples is protein precipitation and extraction with 1-propanol because of the simplicity and excellent analytical recoveries, tissue samples however, are not completely cleaned ( Figure 2A ) and it is necessary to enhance extraction selectivity and specificity. New selective materials involving molecular recognition mechanisms like immunosorbents and molecular imprinting polymers (MIP) have been recently developed by our group (34) .
Low cost and reduced sample pretreatment make MIPs techniques much more accepted than immunosorbents in the last years. MPIs are synthetic polymers containing specific binding sites (cavities) with complementary size, shape and functional groups adapted to recognize analytes with template properties (35) . The advantages of MIPs over antibodies include stability, easy preparation, low cost and reutilization (36) that lead to its wide use in place of sorbent, named molecularly imprinted solid phase extraction (MISPE). Recently, the first CoQ10 MISPE procedure has been successfully developed by our group, which cleans tissue samples with high recoveries, great selectivity and low interference compared to traditional sample tissue preparation like C18 pretreatment ( Figure 2B and C) (34) . In order to avoid the laborious manual extraction, to improve precision, reproducibility and to allow rapidness and automation, some authors described an on-line sample purification by column-switching in a HPLC system: a short precolumn retained both polar and compounds strongly attached to the analyte, achieving a profile free of interferences (21).
Separation and other analytical Systems 3.2.1. HPLC systems
Many methods have been reported for the analysis of CoQ10 in different matrices like plasma, tissues, platelets, BMC, pharmaceuticals and food formulations. By far, the methodology of choice is HPLC coupled to electrochemical detection (ECD) (14-16, 20, 23, 24), UV-detector (14, 16, 21, 25, 33) or mass spectrometer (HPLC-MS) (37) (38) (39) (40) (41) . Commonly, CoQ10 is analyzed in a reverse-phase mode using C8 or C18-column, sometimes with a percentage of hexane or isopropanol as components of the mobile phase. HPLC-ECD seems to be the most common method for the analysis of CoQ10 especially in biological matrices, due to its high selectivity and sensitivity (the limit of detection -LOD-reported ranged from 1 to 10 ng/mL), but it is time consuming or require several steps during equipment operation, making it unsuitable for routine analysis (42). (41) is a highly sensitive methodology with LOD of 1 ng/mL. However, it requires qualified personnel and expensive installations not usually available in a clinical laboratory. The employment of HPLC coupled to fluorescence detector has been reported for the quantitation of CoQ10 in biological samples like blood (43) , human serum and liver homogenate (44) . Fluorescence detector possesses high sensitivity and selectivity but the molecule under study must exhibit fluorescent properties. In the case of CoQ10, the introduction of a fluorophore group is necessary because ubiquinone molecule does not exhibit fluorescence per se. For this purpose a post-column derivatization with ethylcyanoacetate in basic medium could reach LOD values in the range of 9-30 ng/mL (43, 44) . HPLC with chemiluminescent detection method has also been presented in plasma samples based on luminal chemiluminescence detection of a superoxide anion generated by the redox cycle reaction between CoQ10 and dithiothreitol. An LOD of 26 ng/mL for CoQ10 in plasma samples was obtained, free of interferences (45) .
In the last time, instrumentation miniaturization by means of reducing the diameter and length of column and particle size is one of the major current trends in the method separation improvement, in the clinical and pharmaceutical analytical area. This modification of the column design allows a reduced analysis time, less solvent consumption, low sample volume injection, with high resolution, sensitivity and robustness (46, 47) . Micro HPLC methods using a special column with reduced diameter and length and hybrid particulate matrix have been developed to determine the content of CoQ10 in pharmaceutical and cosmetic formulations as well as in biological fluids and tissues (41, 48, 49) . This method also allows shorter analysis time together with less solvent consumption and a dramatic reduction of sample requirements with faster separations compared to macroscale columns employed ( Figure 3) . LOD is approximately 17 ng/mL though this value decreases to 3 ng/mL if sample concentration is used as pretreatment (48, 49) . In the case of HPLC systems using UV-detection and conventional columns, the LOD increases to 50 ng/mL (16).
Capillary electrophoresis
Capillary electrophoresis (CE) is a powerful technique with relevant characteristics of performance such as simplicity, very high resolution in short time of analysis and low cost of operation. It became an alternative methodology in the analysis of several compounds in different matrices (50, 51) . Electrokinetic chromatography (EKC), is a mode of CE, with high selectivity accomplished by the partition of the analytes between a mobile phase, usually a buffer, and a pseudostationary phase like micelles, vesicles, polymers or microdroplets (51) . A new microemulsion system (MEEKC) has been developed for the quantification of CoQ10 in plasma samples, based on a double tensioactive agent like sulfosuccinate and cholic acid, (52) (Figure 4 ). In this case, an LOD of 1 µg/mL has been reported, about 300 times less sensitive than the micro HPLC with UV detection of for CoQ10 in human plasma. The MEEKC system was also employed for the simultaneous determination of CoQ10, ascorbic acid and nutraceuticals (53) using another microemulsion based on SDS as the tensioactive agent.
Spectrophotometry
Spectrophotometry possesses the advantages of simplicity, low cost of operation and easy sample preparation but it is less sensitive and selective than other separation techniques like liquid chromatography. Therefore, few applications of UV-Vis spectrophotometry for quantitation of CoQ10 are presented in the literature. CoQ10 quantification in pharmaceuticals was described as a fast methodology while applications in biological samples were only reported in urine and blood (18, (54) (55) (56) .
Electroanalytical methods
Electroanalytical methods are not frequently used for quantitative determination of CoQ10. However, a voltammetric method has been developed for the analysis of CoQ10 in a pharmaceutical formulation. The quantification of CoQ10 was based on differential pulse voltammetry using a glassy carbon electrode in a solvent containing a mixture of acetic acid and acetonitrile. The limits of detection and quantitation were 0.014 mM and 0.046 mM, respectively. No pretreatment was required and no excipient interference was found (57) . Polarography, a subclass of voltammetry, is a method applied to the determination of CoQ10 using a betacyclodextrin (β-CD) and iodinate system. The stability of CoQ10 to light exposure was improved by the formation of an inclusion complex between CoQ10 and β-CD and the sensitivity of the method was improved by addition of iodinate to the abovementioned inclusion complex. In this case, a detection limit of 0.01 µM was reported (58).
Quantitative methods and expression of the results
CoQ10 in biological systems coexists in two redox status: the reduced form (ubiquinol, CoQ10H 2 ) and the oxidized form (ubiquinone, CoQ10). Therefore, CoQ10 quantitation in biological samples could be expressed as total CoQ10, that it is the sum of ubiquinol and ubiquinone, or as the two individual redox forms. Both expressions have an important clinical significance. In evaluation of treatment evolution, the ubiquinol status is more valuable because treatment efficacy is evaluated by the increment of ubiquinol/ubiquinone rate. Therefore, the result expression of CoQ10 quantification should be clearly set beforehand as it affects sample preparation. Ubiquinol oxidizes to ubiquinone while samples are being processed. To ensure complete oxidation of the molecule, the use of benzoquinone is required (59) . If quantitation of both redox forms is required, the method should be fast and contain as few steps as possible to minimize oxidation conditions (60) . Tang et al demonstrated that ubiquinol is stable in 1-propanol tissue extracts in contact with ice for 4 h. In plasma samples, the extraction process should be faster because the concentration of ubiquinol rapidly decreases within 1 h after phlebotomy. At room temperature, it is oxidized at a rate of approximately 3 nmol/L per min if human plasma is extracted in hexan (24) . If solvent extraction is not employed, CoQ10 decreases around 30% per day at -20°C. Freezing the plasma at -80 ° C, is necessary to preserve all the endogenous ubiquinol; for this reason, some authors state that the determination of ubiquinol percentage in clinical diagnostic test is not useful (32) . Nevertheless, in the case of biological samples the analyst should also select the quantitation method to be used. Traditionally, the quantification of CoQ10 is carried out using a five or six point calibration curve prepared in solvent. In biological samples this procedure is not appropriate, but it could be improved if low, middle and high internal controls are also prepared in pooled plasma samples to maintain precision and accuracy throughout several days. Other authors preferred to use coenzyme Q9 (CoQ9), as internal standard to this purpose. However, since CoQ9 is endogenously found in human plasma, it is not convenient to employ this compound as internal standard (32) . However, if the sample preparation is achieved with a high recovery, the use of an internal standard is unnecessary.
CONCLUSIONS
Significant progress has been made in the field of coenzyme Q10 determination in biological samples. However respect to analytical methods and their evolution, in most cases, it is difficult to determine the limits of knowledge. New matrices, miniaturized systems, automatization, selectivity improvement and sensitivity are the main goals when biological samples are the materials of study.
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